ABSTRACT. Microsatellites, or simple sequence repeats (SSRs), and their flanking regions in chloroplast genomes (plastomes) of some species of the family Poaceae were analyzed in silico to look for DNA sequence variations. Comparison of the complete chloroplast DNA sequences (cpDNAs) of sugarcane (Saccharum hybrid cv. SP-80-3280 and S. officinarum cv. NCo310) and related species, Agrostis stolonifera, Brachypodium distachyon, Hordeum vulgare subsp vulgare, Lolium perenne, Oryza nivara, O. sativa subsp indica, O. sativa subsp japonica, Sorghum bicolor, Triticum aestivum, Zea mays, and Z. mays cv. B73, allowed us to examine the organization of chloroplast SSRs (cpSSRs) in genic and intergenic regions. We identified 204 cpSSRs in the sugarcane cpDNA; 22.5% were in genic regions. The ndh, rps, trn, and rpl gene clusters of the chloroplasts had the most repeats. Mononucleotide repeats were the most abundant cpSSRs in these species; however, di-, tri-, tetra-, penta-, and hexanucleotide repeats were also identified. Chloroplast SSRs in Poaceae variability possible; repeat motifs are not uniformly distributed across the Poaceae plastomes, but are mostly confined to intergenic regions. Phylogeny was determined by maximum parsimony and neighborjoining inference methods. The cpSSRs of these species were found to be polymorphic. It appears that individual cpSSRs in the Poaceae are stable, at least over short periods of evolutionary time. We conclude that the plastome database can be exploited for phylogenetic analysis and biotechnological development.
INTRODUCTION
Sugarcane (Saccharum spp) is one of the most important tropical and subtropical crops and has a complex polyploid genome of hybrid origin. The complete nucleotide sequence of the chloroplast genome of sugarcane has been already determined: it is a circular double-stranded DNA molecule and it is 141,182 bp in size, containing also a pair of inverted repeat regions of 22,794 bp each (Asano et al., 2004; Calsa et al., 2004) .
The chloroplast DNA of most land plants is a circular double-stranded molecule that ranges in size from 110 to 180 kb (Calsa et al., 2004) .
The plastome is widely used in plant systematic studies to infer plant phylogenies at different taxonomic levels (Rajendrakumar et al., 2007; Tambarussi et al., 2009 ), in part because it is slowly evolving and is assumed to be non-recombining (Clegg, 1993) .
According to this, it is an important source of genetic markers for phylogenetic analysis, population-level studies, genotyping, and mapping, which can be used for genomic characterization and inter-specific comparison (Raubeson et al., 2007) .
The plastomes are densely populated by microsatellites, or simple sequence repeats (SSRs), which consist of 1 to 6 nucleotides repeated in tandem.
Many studies have identified chloroplast SSRs (cpSSRs) within plastomes (Rajendrakumar et al., 2007; Raubeson et al., 2007) , and these markers are sufficiently variable for phylogeographic studies within a species (Dick and Heuertz, 2008) . Lack of recombination reduces homoplasy, which in turn increases the precision of phylogenetic inference in such studies (Marshall et al., 2001) . cpSSRs have become one of the most widely used molecular marker systems in plant genetics and breeding. They are widely used for genetic diversity assessment, variety protection, molecular mapping, and marker assisted selection, providing an efficient tool to link phenotypic and genotypic variation.
Most of the previous studies on microsatellite distribution were based on DNA sequence databases in which coding or gene-rich regions were overrepresented (Rajendrakumar et al., 2007) . However, the availability of complete plastome sequences now permits the determination of frequencies of cpSSRs at the whole-plastome level. Such estimates should reflect the basal level of cpSSR dynamics within a species. The present paper details occurrences of cpSSRs in plastomes of Poaceae species that have been completely sequenced, including Saccharum hybrid cv. Yet, very little is known of the nature and organization of cpSSRs in genic and intergenic regions of chloroplast genomes. We, therefore, analyzed cpSSRs in these Poaceae plastomes.
The objectives of this study were to analyze the occurrence, nature, organization, and distribution of cpSSRs in the Poaceae plastomes in both coding and non-coding regions and also to determine the utility and potential of cpSSRs to be integrated into Poaceae phylogenetic analysis.
MATERIAL AND METHODS

Search for cpSSRs in chloroplast genome of Poaceae species
All the chloroplast genome sequences of Poaceae species were downloaded in FASTA format from http://www.ncbi.nlm.nih.gov/sites/entrez?db=genome. They were used for the generation of cpSSR data. The list of plastome sequences and their lengths are shown in Table  1 . The cpSSRs were identified and localized using the FastPCR software (Kalendar, 2008) , which identifies mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats. For further analysis, we considered only those repeats wherein the motifs were repeated as follows: mononucleotide repeats with a repeat length ≥8 nt; dinucleotide with a repeat length ≥5 nt; tri-, tetra-, penta-, and hexanucleotides with a repeat length ≥3 nt. Also, we considered ≤9 interrupting nt, the interrupted microsatellite type. The rationale for choosing a low cut-off value was that cpSSRs are often disrupted by single base substitution (Subramanian et al., 2003) . The occurrence of repeats in genic and intergenic regions was identified based on the sequence annotation information available in the GenBank database. The cpSSR sequences of each Poaceae species were concatenated, and all of them were aligned using the multiple alignment algorithm CLUSTAL W (Thompson et al., 1994) , with subsequent manual correction following the guidelines of Kelchner (2000) . The aligned matrix was imported into the MEGA4 software, version 4.0 (Molecular Evolutionary Genetics Analysis), for phylogenetic analysis (Tamura et al., 2007) . The neighbor-joining and maximum parsimony tree was obtained from the resulting matrix using heuristic search options. Searches were made with 1000 replicates of random addition sequence (saving no more than 30 trees per replicate to reduce time spent swapping large islands of trees) with the tree bisection reconnection, branch swapping algorithm, and MulTrees (keeping multiple equally most-parsimonious trees).
Internal support was assessed using 1000 bootstrap replicates (Felsenstein, 1985) . Groups with bootstrap percentages of 90-100 were considered to be strongly supported, 80-89 moderately supported and 50-79 weakly supported. Only groups with bootstrap >50 that are consistent with the strict consensus tree are shown.
RESULTS AND DISCUSSION
Frequency and distribution of cpSSRs in the Poaceae species database
Using the FastPCR software (Kalendar, 2008) , we obtained a detailed analysis of the frequency and distribution of all mono-, di-, tri-, tetra-, penta-, and hexanucleotide repeats from the plastomes of 13 Poaceae species. From a total of 1,785,569 bp that represents these plastomes, we identified 2427 cpSSRs, with an average frequency of 1.36 cpSSR per kb, which is higher than that of Eucalyptus ESTs (expressed sequence tags) (0.37 SSR per kb) (Ceresini et al., 2005) and Citrus ESTs (0.5 SSR per kb) (Palmieri et al., 2007) . This was expected since the occurrence of particular microsatellite motifs and repeats (especially the non-trimeric ones) could have implications on how the gene coding region is transcribed due to risks of frameshift mutations (Metzgar et al., 2000) .
On average, 3.5% of the chloroplast genomes were found to be composed of cpSSRs. The total number of cpSSR of each species is shown in Table 2 . When unit size repeat was analyzed, the mononucleotide type was the most abundant repeat in all 13 plastomes studied, a result that agrees with a study on rice chloroplasts (Rajendrakumar et al., 2007) and another one that screened perfect cpSSRs in Nuphar advena, Ranunculus macranthus, and 24 other plastomes (Raubeson et al., 2007) . Our results differ from a study on the Arabidopsis genome in which dinucleotides were found to be most common (Cardle et al., 2000) , and from a study of ESTs of barley, maize, oats, rice, and wheat, where the trinucleotides were the most frequent followed by dinucleotides (Varshney et al., 2002) . Different from cpSSR, sugarcane (Saccharum spp) ESTs have various dinucleotide and trinucleotide motifs (Silva, 2001) . Our results suggest that the mononucleotide cpSSRs are the most abundant in chloroplast genomes.
Mononucleotides were the most abundant repeats with frequent poly(A) or (T) (97.1%) followed by a (C)/(G) motif (2.9%). The (A)/(T) motif was found to be more abundant also in genic (19.4-42.3%) and intergenic (51.8-79.5%) regions. These results are in agreement with a study of different eukaryotic genomes, which showed that the (A)/(T) motif was more abundant than the (C)/(G) in exons (Tóth et al., 2000) . In general, the adenine/thymine-rich repeat motifs are most common in cpSSRs and were also the most abundant in the family Poaceae.
Tri-and tetranucleotides were the next predominant repeats for all species, with frequencies ranging from 15.8% in S. bicolor cv. BTx623 to 18.2% in A. stolonifera and 14.6% in Z. mays cv. B73 to 17.7% in O. nivara, respectively (data not shown).
Di-, penta-and hexanucleotide repeats in the genic region were represented in proportions of 3.2 to 8.3%, 1.1 to 7.2% and 0 to 2.0%, respectively ( Table 2 ). The (AT)/(TA) motif was the most common dinucleotide repeat with a frequency of 78.9%, and it was also the predominant repeat in the genic region, similar to liverworts, maize, and pea chloroplasts (Powell et al., 1996) .
For tri-and tetranucleotides, the motifs (TAA)/(TTA) reached 23.7%, (GAA)/(TTC) 22.8%, (CTTT)/(AAAG) 25.6%, and (TTTA)/(TAAA) 19.6%, respectively, being the most frequent repeats (data not shown).
The remaining penta-and hexanucleotide repeats were represented by (TTTTC)/ (GAAAA) (23.1%) and (TATTA)/(TAATA) (12.8%), (GGGGAA)/(TTCCCC) (52.3%), respectively (data not shown). Interestingly, single pentanucleotide repeats were observed in S. bicolor cv. In general, intergenic cpSSR in the family Poaceae were more abundant than genic cpSSR (Table 2 ). This also occurs in chloroplast genomes of the angiosperm families Asteraceae (Timme et al., 2007) , Fabaceae (Saski et al., 2005) , and Solanaceae (Daniell et al., 2006) , probably due to an associated lower polymorphism of coding regions in contrast to non-coding ones. In each of these families, most of the repeats are 20-40 bp in length and they are located mostly in intergenic spacer regions and introns, although several are located in the protein-coding genes psaA, psaB, and ycf2 (Raubeson et al., 2007) . The maximum numbers of cpSSRs in the family Poaceae were found in different genes: ndh (NADH dehydrogenase), rps (ribosomal proteins), trn (tRNA), and rpl (ribosomal proteins) gene clusters. Numbers within parentheses represent absolute number of microsatellites.
The frequency of plastome genes with cpSSR reached a maximum of 61.5% in O. sativa cv. indica. However, this species has the smallest number of plastome genes compared with other Poaceae species (Table 3) . When reviewing the largest absolute number of genes with cpSSR, we found that O. sativa cv. japonica has 45, and it is the second species that has the highest frequency of genes with cpSSR (28.3%) ( Table 3 ).
The high percentage of cpSSRs with a period divisible by three is expected because of the nature of translation and how it relies on triplet codons (Table 2) . It also corresponds with previous research that has shown that tri-and hexanucleotide repeats are the most common in the coding regions of eukaryotes (Goulding et al., 1996) .
Of course, any particular threshold is rather arbitrary, and no consensus has been reached on which nucleotide length or repeat unit number is significant (Ellegren, 2004) . However, it has been suggested that cpSSRs of length 8 nt or more (regardless of repeat motif) are prone to slip-strand mispairing (SSM, thought to be the primary mutational mechanism to affect SSRs), whereas those of lesser length are not (Rose and Falush, 1998) . Elsewhere, the critical threshold is estimated at 7-10 bp (Dechering et al., 1998) .
It is thought that SSRs begin as random runs of nucleotides (Levinson and Gutman, 1987; Ellegren, 2004) . Any bias in mutation patterns or nucleotide composition would make certain runs more likely. Once present in a location, the repeat would then grow via SSM (Levinson and Gutman, 1987; Ellegren, 2004; Lovett, 2004) . Longer SSRs lead to more stable heteroduplex intermediates, making SSM more likely (Lovett, 2004) . However, longer SSRs also have higher mutation rates (Ellegren, 2004) . One model of SSR evolution posits that the distribution of repeat lengths in a genome represents equilibrium between SSM and point mutations (Ellegren, 2004) . In the comparison of Poaceae species, SSM and point mutations occur at about the same frequency, consistent with this hypothesis.
Phylogenetic analysis
In a landmark article that included data from multiple sources, the Grass Phylogeny Working Group (2001) examined relationships among grasses using a large and diverse as- semblage of species. This study highlighted the existence of two major lineages, the BEP clade and the PACCAD clade, which together encompass the majority of grasses, each representing two major radiations ~40-50 million years ago (Bremer, 2002) .
The BEP clade includes the subfamilies Bambusoideae, Ehrhartoideae, and Pooideae. Oryza species belongs to the subfamily Ehrhartoideae, while T. aestivum, H. vulgare, A. stolonifera, L. perenne, and B. distachyon are in the Pooideae.
The PACCAD clade includes several subfamilies, including the Panicoideae, a large group of mainly tropical and subtropical species, some of which are important crops worldwide, such as Z. mays, S. officinarum, and S. bicolor. So far, all phylogeny reconstructions of the Poaceae have used selected genes or partial regions as data. However, with cpSSRs of 13 sequenced chloroplast genomes in this family and the computer power to align them, it is possible for the first time to perform cpSSR of whole chloroplast genome phylogenic analyses.
To examine if the cpSSR phylogenic analysis is consistent with those based on selected genes, we employed maximum parsimony (Nei and Kumar, 2000) and neighbor-joining methods to reconstruct a Poaceae phylogeny using cpSSR of whole chloroplast sequences.
The phylogenetic analysis of 13 species of Poaceae was estimated based on the multialignment of concatenated cpSSRs. The tree was rooted making Z. mays species, S. officinarum species, and S. bicolor cv. BTx623 the outgroup. Of the 6175 characters from the aligned cpSSR matrix, 1511 are constant. Among the 4664 variable characters, 3454 are parsimonyinformative and 1210 are parsimony-uninformative. The analysis of these data set identified one parsimonious tree. Figure 1 shows the parsimony strict consensus tree (phylogram), which produced the same topology with maximum node support from the neighbor-joining tree. The topology of the tree is in agreement with the results obtained from a larger group of species (Grass Phylogeny Working Group, 2001 ). The ingroup is divided into two main clades: the PACCAD clade composed of S. officinarum species, S. bicolor cv. BTx623, and Z. mays species, and the BEP clade composed of the Oryza species, L. perenne, T. aestivum, H. vulgare subsp vulgare, A. stolonifera cv. Penn A-4, and B. distachyon (Figure 1 ). All clades had robust bootstrap support (95-100% bootstrap support; Figure 1 ).
The phylogram also shows that branches in the BEP clade are much longer than those in the PACCAD clade. A similar result was found in sequence comparison and phylogenetic analysis of eight grass plastomes (Bortiri et al., 2008) , and in a phylogenetic study using 61 protein-coding genes, indicating that the rates of evolution are higher in the BEP clade compared to the PACCAD species sampled here (Saski et al., 2005) . However, it is possible that these slower rates do not extend to other species of the PACCAD clade, since Z. mays, S. bicolor, and S. officinarum are closely related, with all three belonging to the subfamily Panicoideae.
In terms of the phylogenetic utility of cpSSR variation, comparison of the Poaceae species suggests that individual cpSSRs are stable at least over relatively short periods of evolutionary time, and that they commonly vary in repeat number. This result agrees with a study that screened perfect cpSSRs in Nuphar advena and Ranunculus macranthus, and 24 other plastomes (Raubeson et al., 2007) .
The availability of genome sequences in the public domain has removed technical and economic limitations, and dramatically accelerated the process of the development of SSR markers. Phylogenetic analysis based on mononucleotide repeats and flanking nucleotide sequences from the organellar genomes is possible based on in silico analysis (Nishikawa et al., 2005) .
SSR marker technology has proved to be a dependable, rapid, and inexpensive tool for plant genotyping (Wu and Huang, 2007) . SSR markers are becoming the markers of choice for plant genome analysis because of their high polymorphism and informative nature.
CONCLUSION
In conclusion, we demonstrated a generic approach for assessing genetic variation in the Poaceae. Our study helped to identify genes possessing cpSSRs in plastomes. The repeat motifs are not uniformly distributed across the Poaceae plastomes but are mostly confined to intergenic regions. Hence, the occurrence of cpSSRs is a non-random event. A few of the genic cpSSRs have been found to be significantly different among Poaceae plastomes, which may be helpful in specific PCR markers. The high sequence conservation of the plastomes will make it easier to design primers that may work even in relatively distant species. The cpSSR markers developed in the present study could also be useful in determining the maternal origin of Poaceae species and in phylogenetic studies. CpSSR markers could be included in the analysis of multiple chloroplast regions to improve the resolution of phylogenetic studies of the species studied.
